Ecosystems are widely inter-connected by spatial flows of resources 1,2 , yet primarily studied in a local context. Meta-ecosystem models suggest that cross-ecosystem subsidies can play an essential role in ecosystem functioning, notably by controlling local availability of resources for biological communities [3][4][5][6] . The general contribution of these resource connections to ecosystem functioning, however, remains unclear in natural systems, due to the heterogeneity and dispersion of data across the ecological literature.
Abstract
Ecosystems are widely inter-connected by spatial flows of resources 1, 2 , yet primarily studied in a local context. Meta-ecosystem models suggest that cross-ecosystem subsidies can play an essential role in ecosystem functioning, notably by controlling local availability of resources for biological communities [3] [4] [5] [6] . The general contribution of these resource connections to ecosystem functioning, however, remains unclear in natural systems, due to the heterogeneity and dispersion of data across the ecological literature.
Here we provide the first quantitative synthesis on spatial flows of carbon connecting ecosystems worldwide. These cross-ecosystem subsidies range over eight orders of magnitude, between 10 -3 and 10 5 gC m -2 yr -1 , and are highly diverse in their provenance.
We found that spatial carbon flows and local carbon fluxes are of the same order of magnitudes in freshwater and benthic ecosystems, suggesting an underlying dependency of these systems on resources provided by connected terrestrial and pelagic ecosystems respectively. By contrast, in terrestrial systems, cross-ecosystem subsidies were two to three orders of magnitude lower than local production (grasslands and forests), indicating a weaker quantitative influence on functioning. Those subsidies may still be qualitatively important, however, as some have high nutrient content 7, 8 . We also find important gaps in carbon flow quantification, notably of cross-ecosystem subsidies driven by animal movements, which likely leads to general underestimations of the magnitude and direction of cross-ecosystem linkages 9 . Overall, we demonstrate strong ecosystem couplings, suggesting that ecosystems can be vulnerable to alterations of these flows and pointing to an urgent need to re-think ecosystem functioning in a spatial perspective.
Main text
Ecosystems and the services that they provide are essential for material and cultural human welfare 10, 11 , but paradoxically, human activities threaten ecosystem integrity 12, 13 . Maintaining functional ecosystems, or restoring degraded ones, requires the identification of dominant mechanisms driving their dynamics. At the local scale, ecologists have accumulated extensive data on individual ecosystems' functioning 14 .
Accurate depictions of within-ecosystem fluxes, such as biomass and detritus production, respiration, or decomposition, exist for all broad ecosystems types, including terrestrial, freshwater and marine ones.
But ecosystems are not isolated. For flows of dispersing organisms the role on large-scale species coexistence and community dynamics is well studied 15, 16 . However, it remains unclear to which extent ecosystem functioning also depends on cross-ecosystem flows of resources, such as in the form of detritus or nutrients 1, 17 . According to the recently developed meta-ecosystem theory 16, 18 , such cross-ecosystem resource flows can induce strong interdependencies between ecosystems and drive ecosystem functioning [3] [4] [5] [6] .
While the literature on subsidies provides emblematic cases of resources moving between ecosystems, including passive transport of leaves windblown from forests to streams 2 , or active transport such as aquatic insects emerging onto land 19 , we still lack a general quantification of these flows. The dispersion of data over many research areas and inconsistencies in the units of measurements used has hitherto precluded a general and synthetic overview of resource spatial flows.
Here, we conduct the first quantitative synthetic assessment of cross-ecosystem subsidies connecting the major ecosystem types across the globe ( Figure 1 ). Specifically, we compare the magnitudes of cross-ecosystem subsidies to within-ecosystem fluxes in order to infer their relative contribution to ecosystem functioning. This also gives a basis to identify ecosystems' vulnerability to increasing alterations of resource flows under the context of ongoing global changes 20 . We based our analysis on generally convertible estimates in units of carbon (gC m 2 y -1 ; see Methods) and systematically searched for quantifications of spatial subsidies connecting terrestrial (forest, grassland, agroecosystem, desert), freshwater (stream, lake), and marine (pelagic and benthic) ecosystems. To compare these spatial flows, we also assembled comprehensive quantifications of local biological fluxes of carbon (i.e., gross primary production, ecosystem respiration, and decomposition; see Methods) within the different ecosystem types. We assembled 518 measurements of spatial flows and 2516 of local fluxes, reaching a total of 3034 data points extracted from 557 studies. Analysing this data set with its internally-consistent measurements in carbon units reveals for the first time the widespread importance of spatial resource flows to local ecosystem functioning. wildebeests, range between 100 and 1000 gC y -1 per meter squared of river. These disparities stress that the quantitative effect of carbon brought to ecosystems via large animals might greatly depend on how resource deposition is spatially constricted to small or large areas. Overall, our global picture highlights the ubiquity of cross-ecosystem subsidies, and the variety in their magnitude.
To assess the importance of these subsidies to ecosystem functioning, we compared their magnitude to those of local biological fluxes within each receiving ecosystem. Magnitudes of subsidies versus local fluxes are similar in freshwater and in some benthic systems, whereas subsidies are generally far smaller than local fluxes in terrestrial ecosystems (Figure 3 ). This results both from more abundant cross-ecosystem subsidies in the direction of freshwater and benthic ecosystems than terrestrial and pelagic systems, and from substantially lower primary production in the former.
Ecosystem respiration in freshwater and benthic systems often exceeds local primary production, despite a noticeable variability, for example due to differences in light availability in shallow tropical sea grass meadows versus deep waters promoting or constraining photosynthesis respectively. Ecosystem heterotrophy (see negative net ecosystem production in Extended data Figure 1 ) is associated with cross-ecosystem inflows of comparable or greater magnitude than local production, indicating that functioning in these ecosystems depends substantially on allochthonous resources. This dependency makes freshwater and deep unproductive benthic systems sensitive to alterations of these resources and, thus, to donor ecosystem dynamics 21, 22 .
By contrast, terrestrial and pelagic ecosystems tend to have a net autotrophic functioning and receive negligible subsidies compared to their local production, except in deserts ( Figure 3 ). In the latter case, where local production is limited (e.g., by water availability), the potential impact of subsidies provided by other, less limited ecosystems (e.g., oceans) increases. Otherwise, autotrophic ecosystems seem relatively free from influence of spatial resources (or at least, from the influence of aquatic subsidies: we found only two studies reporting subsidies between terrestrial ecosystems). However, carbon subsidies are intimately linked to nutrients within biological molecules. Though quantitatively small in terms of carbon, subsidies to terrestrial systems are of higher quality with respect to nitrogen content than the vegetation-based subsidies they export knowledge of internal ecosystem fluxes and metabolism (net heterotroph vs. autotroph).
Freshwater and benthic ecosystems might be especially vulnerable to subsidy alteration, and to perturbations in autotrophic ecosystems spatially cascading via these subsidies.
However, gaps in subsidy quantification leave some uncertainty as to whether different ecosystems might act as buffers or amplifiers of spatial dynamics within landscapes.
Documenting these ecological blind spots is necessary to improve our ability to predict ecosystem responses to global changes across landscapes.
Methods
We conducted an extensive literature review of empirical values of cross-ecosystem subsidies over the globe (distribution in Figure 1 ), and compared their magnitude to local fluxes within ecosystems receiving these subsidies. We chose carbon as the focal material unit to profit from widely available carbon data for local fluxes. To enable the spatial flows to local flux comparison, we only considered measurements of spatial flows that were either provided in or could be converted into gC m -2 yr -1 .
Data collection
Our systematic search covered four broad categories of terrestrial ecosystems (forest, grassland, agro-ecosystem, and desert) and four of aquatic ecosystems (stream, lake, pelagic ocean and benthic ocean). We considered all ecosystems (if available) in five major global climatic zones (arctic/alpine, boreal, temperate, tropical and arid).
Extended Data Table 1 provides the definitions of ecosystem categories and climatic zones. For marine ecosystems, we grouped arctic, boreal, temperate versus arid and tropical climates into "Cold" and "Warm" waters respectively, to account for a lesser influence of climate on oceanic systems due to the buffering effect of large water volumes. For each relevant ecosystem x climatic zone combination (see Extended Data
Figure 2), we collected local carbon flux and spatial carbon flow data. We used all possible combinations of these categories and terms with similar meanings (see Extended Data Table 1 ) in our systematic search (see details in the next paragraphs).
We collected available values of subsidies linking the above-mentioned different ecosystems, and which could be converted into gC m -2 yr -1 in order to homogenize data and make comparisons possible. The latter constraint excluded cross-ecosystem flows of nutrients for which no carbon equivalent was possible, and flows expressed without information of the area of influence in the ecosystem receiving the subsidy. For instance, measurements of amount of dissolved organic carbon flowing from streams into estuaries 31 where excluded because the impacted area was undefined. Terms primarily used for the search of spatial flows were "(subsid* OR spatial flow*) AND ecosystem", with "ecosystem" also being replaced by specific ecosystems or pairwise combinations of the ecosystem types of interest.
In addition, for each ecosystem x climatic zone combination, we systematically searched published literature for values of the following within-ecosystem carbon fluxes:
gross primary production (GPP), secondary production in aquatic ecosystems, ecosystem respiration (R ! ), net ecosystem production (NEP), and decomposition fluxes. Since decomposition fluxes were rarely directly provided, we derived them from detritus stocks and decomposition rates (see next section for calculations). A first systematic search was conducted by using all possible combinations of the names of each ecosystem type, climatic zone and flux of interest, with small variation when relevant (e.g.
"decomposition OR decay" for decomposition flux and rates). The different terminologies used across various research fields to describe the same processes, and the fact that the data of interest were often located in different sections of the studies (Methods versus Results) limited the efficiency of standardized keyword search across the data types. We therefore complemented the dataset with multiple customized searches until we compiled a minimum number of ten independent values of each variable of interest (i.e. fluxes, detritus stock, and decomposition rate) for each ecosystem x climatic zone combination. At the end, data were pooled by ecosystem type.
In total, we collected 3,034 values from 557 published studies, including 518
values of cross-ecosystem subsidies. A summary of all values and the respective references are provided in Extended data Table 2 (cross-ecosystem subsidies) and Extended data Table 3 (local fluxes) .
Calculations used for data extraction
When only two of three major fluxes (production and respiration, and net ecosystem production (!"", ! ! , and !"#, respectively) were reported, we estimated the unreported flux:
We derived decomposition fluxes ! ! from detritus stocks ! ! and decomposition rates !, with the classical exponential decay model: 
In Equation [5] , ! ! is the detrital mass at time ! and ! ! ! the initial detrital mass. This equation was used when decomposition was estimated as the proportion of detrital mass
via a litter-bag experiment, a classical method in freshwater and terrestrial ecology. In equation [6] , ! ! is the (absolute) decomposition flux during the study period !, that is the flux from detritus stock to bacteria and other detritivores, ! ! is the detritus production, and ! the detritus export (e.g. sedimentation). In few cases of ocean pelagic data, we used the microbial loop of primary production versus bacterial production to parameterize ! ! and ! ! , respectively. If not available, the export rate was set to 0, leading to ! underestimation, which is conservative in our cross-ecosystem comparison given that ! is already at the higher end of the range in these pelagic systems.
Unit conversions
Once collected, we standardized values by converting them all into areal carbon units, that is, gC m -2 for detritus stocks and gC m -2 yr -1 for local fluxes and cross-ecosystem subsidies. Decomposition rates were expressed in yr -1 .
Carbon conversion:
We used data in carbon units (gC) when it was directly provided in the study, or we calculate the values using carbon content when reported in the study. Alternatively, we applied the most direct conversion of the data into carbon units depending on the level of detail available (see Extended data Table 4 We could not use such measurements directly because the magnitude of the flow in the recipient ecosystem depends on both the total surface of production and the boundary length. For instance, lakes with the same area but having circular versus complexshorelines will lead, for the same total emergent insect flux, to higher versus lower magnitudes of flows, respectively, distributed per areal unit of the recipient ecosystem.
Moreover, the maximum influence of such cross-ecosystem flow is found near at the shoreline and decreases with distance from the shore (for example, in aquatic insects 19 ).
To adjust for this in a conservative approach, we homogenized our aquatic-to-terrestrial flows assuming a uniform distribution of the flow on the first ten meters from the shore, a distance within which most of the aquatic insect flows fall 35 (but could fall substantially farther in some specific systems 36 ), or most of the salmon carcasses brought by bears on land are deposited 37 . Therefore, when the values of spatial flows were provided in areal unit of the donor ecosystem (aquatic), we first calculated the flow per meter shoreline (in some cases, values were already provided per meter shoreline; e.g., wrack deposited on beaches), and then divided this value by 10 meters of influenced land. To calculate the spatial flow per shoreline length in freshwater systems, we followed the method described by Gratton et al. 19 for insect emergence data: In lakes we multiplied the data per the total lake area and divided per the perimeter. When not directly available, the perimeter was approximated by 2*D L *(area*π) 1/2 , with D L the development factor defined by Kalff 38 , which is 1 for circular shapes, 2 for the same area with a twofold larger perimeter. In streams we multiplied the original donor area flow value by stream width, and then divided it per two (riversides) to obtain the flow per shoreline length. The
Extended Data Figure S3 show that our conclusions are not sensitive to the choice of the distance from shoreline used to calculate the recipient terrestrial area of aquatic subsidies:
using a more conservative threshold of 100m only decreases the importance of spatial subsidies for terrestrial ecosystems, that we already assess as low.
Flow drivers
We defined categories of flow drivers to examine the underlying processes of documented cross-ecosystem subsidies. Drivers could be either passive, via physical processes such as gravity, wind, water currents, tides, diffusion, or active, via animal movements such as those triggered by foraging behaviours, seasonal migration or crossecosystem movement of animals needed to complete a life-cycle. We kept these last three categories for active drivers and we clumped the passive drivers into categories reflecting broad classes of spatial flows: "Fall/wind" for aerial transport from terrestrial systems, "leaching" for diffusion processes, "current, tides" for lateral flows from aquatic systems and "sinking" for vertical passive flows in the water column (see Extended data Table 5 ).
We analysed the data and plotted the figures with the software R 39 and the R-packages ggmap 40 , maps 41 , and pgirmess 42 .
Data availability
Data that support the findings of this study are summarized in Extended Data Table 2 and   Extended Data Table 3 , with all associated references in Supplementary indicate the number of data points. Agroeco. = Agro-ecosystem; Oc. = Ocean; Terr. = Terrestrial; Aqu. = Aquatic; inverteb. = invertebrates;
amphib. = amphibians; POC = Particulate Organic Carbon; DOC = Dissolved Organic Carbon.
We provide the number of data points (n), the minimum, 25% quartile (q25), median, 75% quartile (q75)
and maximum values of estimates distribution for each pair of ecosystems coupled and per type of the material exchanged, as well as the associated references from which we extracted the data, listed in Supplementary Oc. = Ocean; GPP = Gross Primary Production; R = ecosystem respiration; NEP = Net Ecosystem Production; D. = Decomposition.
We provide the number of data points (n), the minimum, first quartile (q25), median, third quartile (q75) and maximum values of estimate distributions for each ecosystem x variable combination, as well as the associated references from which we extracted the data, listed in Supplementary Deer grazing in agro-ecosystems and defecating in forests 367 ; hippopotamus grazing in savannah and defecating in river 364 ; zooplankton eating in pelagic area and finding refuge in deep sea 384 ; bears bringing salmon carcasses on land 386 .
Migration
Seasonal long-distance movement of populations triggering cross-ecosystem movement of resources Downing of wildebeest during seasonal migration 556 .
Life-cycle Cross-ecosystem organismal movements required to complete a life-cycle Emergence of aquatic insects to land 1 ; salamander egg deposition in or emergence from aquatic systems 60 ; anadromous salmon dying after breeding in freshwater systems 389 . Global net community production estimated from the annual cycle of surface water total dissolved inorganic carbon 
